We perform a quantitative, comparative study of the spin pumping, spin Seebeck and spin Hall magnetoresistance effects, all detected via the inverse spin Hall effect in a series of over 20 yttrium iron garnet/Pt samples. Our experimental results fully support present, exclusively spin currentbased, theoretical models using a single set of plausible parameters for spin mixing conductance, spin Hall angle and spin diffusion length. Our findings establish the purely spintronic nature of the aforementioned effects and provide a quantitative description in particular of the spin Seebeck effect.
Pure spin currents present a new paradigm in spintronics [1, 2] and spin caloritronics [3] . In particular, spin currents are the origin of spin pumping [4, 5] , the spin Seebeck effect [6, 7] and the spin Hall magnetoresistance (SMR) [8] [9] [10] . Taken alone, all these effects have been extensively studied, both experimentally [6] [7] [8] [9] [11] [12] [13] and theoretically [4, [14] [15] [16] [17] [18] . From a theoretical point of view, all these effects are governed by the generation of a current of angular momentum via a non-equilibrium process. The flow of this spin current across a ferromagnet/normal metal interface can then be detected. The relevant interface property that determines the spin current transport thereby is the spin mixing conductance. Nevertheless, there has been an ongoing debate regarding the physical origin of the measurement data acquired in spin Seebeck and SMR experiments due to possible contamination with anomalous Nernst effect [19] [20] [21] or anisotropic magnetoresistance [22, 23] caused by static proximity polarization of the normal metal [23] . To settle this issue, a rigorous check of the consistency of the spin-current based physical models across all three effects is needed. If possible contamination effects are absent, according to the spin mixing conductance concept [24] , there should exist a generalized Ohm's law between the interfacial spin current and the energy associated with the corresponding non-equilibrium process. This relation should invariably hold for the spin pumping, spin Seebeck and spin Hall magnetoresistance effects, as they are all based on the generation and detection of interfacial, nonequilibrium spin currents. We here put forward heuristic arguments that are strongly supported by experimental evidence for a scaling law that links all aforementioned spin(calori)tronic effects on a fundamental level and allows to trace back their origin to pure spin currents.
We carried out a systematic set of spin pumping, spin Seebeck 
hω [schematically depicted in Fig. 1(a) ], we place YIG / Pt bilayers in a microwave cavity operated at ν = 9.85 GHz to resonantly excite magnetization dynamics. The emission of a spin current density J s across the bilayer interface into the Pt provides a damping channel for the non-equilibrium excitations of the magnetization M . It has been established that the magnitude of the DC spin current density is given by [4] 
where ν is the frequency of the microwave, Θ is the cone angle which the precessing magnetization M encloses arXiv:1306.5012v1 [cond-mat.mtrl-sci] 20 Jun 2013 with the effective magnetic field H eff , h is the Planck constant, P is a factor to correct for elliptical precession of M [25] and g ↑↓ is the spin mixing conductance per unit of interface area and the conductance quantum e 2 /h. As shown in Fig. 1(b) , thermal excitations of M also give rise to a spin current. This is the so-called spin Seebeck effect [6, 7] . Given a temperature difference ∆T between the electrons in the normal metal and the magnons in the ferromagnet, a DC spin current density [14] 
is generated. We investigate the longitudinal spin Seebeck effect [26] , where the temperature gradient is applied across the ferromagnetic insulator/normal metal interface. In Eq. (2), γ = gµ B / is the gyromagnetic ratio with the effective g-factor g and the Bohr magneton µ B , M s is the saturation magnetization and V a is the magnetic coherence volume given by [14] 
with the Riemann Zeta function ζ, the spin wave stiffness D and T = 300 K for our room temperature experiments.
As depicted in Fig. 1(c) , the application of a dc charge current density J c furthermore allows to inject a dc spin current density direction vector J s ∝ α SH J c × σ into the YIG via the spin Hall effect in Pt [8] . Here, α SH is the spin Hall angle of Pt and σ is the spin current polarization. If the magnetization M of the ferromagnet is oriented perpendicular to σ, J s can exert a torque on M by being absorbed at the interface. When σ is parallel to M , the spin current is reflected at the interface, causing a spin current J 
where e is the elementary charge, λ SD is the spin diffusion length in Pt and ρ Pt and t Pt are Pt resistivity and thickness, respectively. We furthermore introduced the correction factor [15, 17] 
As suggested by Eqs. (1), (2) and (4), one should thus observe a scaling J s = g ↑↓ 2π E with an appropriate energy E SP , E SSE and E SMR that generates the spin pumping, spin Seebeck and SMR effects, respectively. Note that, due to the inclusion of spin backflow via the correction
Vlo n g L a s e r h e a t e r factor η, the spin mixing conductance enters the linear response expression in a non-linear fashion by defining an effective excitation energy.
To experimentally test the scaling between J s and E, we performed a series of spin pumping, spin Seebeck and spin Hall magnetoresistance measurements on more than 20 samples. Most of these samples consisted of thin film YIG / Pt bilayers with varying Pt thickness. Additionally, we used YIG / X / Pt trilayers in which X was a normal metal (Au or Cu). A complete list of samples, details of their preparation and relevant material parameters can be found in the appendix.
In spin pumping experiments with electrical spin current detection via the inverse spin Hall effect [27, 28] , it is possible to determine J SP s from the recorded dc voltage ∆V SP in ferromagnetic resonance (FMR) as [5, 11] 
with the sample length L and the open-circuit spin Hall conversion efficiency [11] 
with = h/(2π). The factor η is again included to correct for spin backflow [29] . Note that Eq. (5), is strictly valid only for 2πντ sf 1 with the spin flip time τ sf ≈ 0.01 ps in Pt [15] . η is thus exact for the dc SMR and a good approximation for our spin pumping data (2πντ sf ≈ 6 × 10 −4 ). A typical experimental V SP trace recorded for a YIG (20 nm)/ Pt (7 nm) sample at a fixed microwave frequency ν = 9.85 GHz while sweeping the external magnetic field H is shown together with a schematic of the sample in Fig. 2(a) . We observe a resonant Lorentzian line shape of V SP as a function of the external magnetic field [11] . Within experimental error, V SP = 0 far away from FMR and ∆V SP is the dc voltage recorded at the resonance magnetic field as indicated in Fig. 2(a) . Because YIG is a ferrimagnetic insulator and we took great care to position the sample in a node of the microwave electric field, ∆V SP is not contaminated with rectification voltages [30] . This is supported by the purely symmetric Lorentzian resonance line shapes observed. The sample length L ranged from 3 mm to 5 mm in the different samples investigated. We determined ρ Pt from four point resistance measurements and t Pt from X-ray reflectometry.
We now turn to the evaluation of
To this end, we extract Θ = 2h MW /∆H [31] from the FWHM line width of the ∆V SP traces, where µ 0 h MW = 22 µT is the circular microwave magnetic field that was determined from paramagnetic resonance calibration. We find 0.08
• ≤ Θ ≤ 0.55 • in the different samples investigated. We calculate the ellipticity correction factor P = 1.2 as detailed in Refs. [5, 25] using a saturation magnetization M s = 140 kA/m and an effective g factor g = 2 [32] . We are now able to evaluate J SP s and E SP as a function of the three parameters g ↑↓ , α SH and λ SD . We discuss below that with a single set of these parameters we can quantitatively describe the spin pumping, spin Seebeck and SMR data in the context of the spin mixing conductance concept.
In a different set of experiments, using parts of the same samples patterned into Hall bar mesas by optical lithography and subsequent Ar-ion etching, we determined the dc voltage ∆V SSE due to the laser-heating induced spin Seebeck effect [33] . A laser beam of adjustable power (1.8 mW ≤ P L ≤ 57 mW) impinges on the main Hall bar (length L = 950 µm and width w = 80 µm) which is oriented perpendicular to the external, in-plane magnetic field. The laser beam is dominantly absorbed in the Pt layer and yields a temperature difference ∆T between the magnons in YIG and the electrons in the Pt at the YIG/Pt interface. We use a numerical model incorporating a thermal contact resistance between the YIG and the normal metal layers to compute the magnon, phonon and electron temperature profiles in our samples as a function of layer composition and laser power [34] . We find 0.02 K ≤ ∆T ≤ 0.9 K. The spin current J SSE s is detected via the inverse spin Hall voltage V SSE along the main Hall bar. A typical V SSE curve is shown in Fig. 2(b) as a function of the external magnetic field. The depicted hysteretic V SSE vs. H loop is consistent with our previous experiments [33] . The spin current density is extracted from experiment by
where L from Eq. (6) is now replaced by a 2 π/2w with the laser spot radius a = 2.5 µm and the Hall bar width w = 80 µm. This stems from lateral integration over the Gaussian laser spot profile to account for the fact that the sample is heated only locally as demonstrated in Ref. [33] and is valid as long as a w, which is the case for all investigated samples. We use the identical values for C and η as for the spin pumping experiments to calculate J SSE s with Eq. (8). To quantify E SSE = γ k B ∆T /(M s V a ), we use the coherence volume V a = (1.3 nm) 3 which we obtain from Eq. (3) by using D = 8.5 × 10 −40 Jm 2 consistent with theory and a broad range of experiments [35] .
In yet further, independent experiments with the same set of Hall-bar samples we measured the SMR as the change ∆ρ in bilayer resistance ρ when rotating M J c (ρ 0 ) to M ⊥ J c (ρ 0 + ∆ρ). Typical ρ(H) traces for M J c (0 • ) and M ⊥ J c are shown in Figure 2 (c). One can observe the magnetization switching at the coercive magnetic fields that agree with those extracted from our spin Seebeck experiments on identical samples. As detailed in Ref. [9] , the change in ρ with H can be traced back to the SMR from its characteristic dependence on M orientation. From the SMR data, we extract the spin current density [17] 
from the experimentally determined ∆ρ/ρ 0 . The charge current densities in our experiments were 1.7 × 10 6 A/m 2 ≤ J c ≤ 1.7 × 10 9 A/m 2 . We plot J SMR s from Eq. (9) as a function of E SMR = 2eλ SD ρ Pt α SH J c tanh (t Pt /(2λ SD )) η in Fig. 3(a) (squares) for all samples. In identical fashion, Fig. 3(a) extracted from an analysis of the Pt thickness dependence of the SMR [9] . We acquired data points for SMR and spin Seebeck effect on various samples as a function of charge current density or laser power, respectively. We furthermore include data recorded using YIG/Au/Pt (open symbols) and YIG/Cu/Pt (half-filled symbols) trilayer samples (symbol shape identifies spin pumping, spin Seebeck or SMR data). To evaluate the trilayer data, we assume vanishing α SH and λ SD t for Au and Cu. We thus modify C for spin pumping and spin Seebeck effect as well as J c and ∆ρ ρ0 for the SMR as detailed in the appendix.
Altogether our experimental data span five orders of magnitude in J s and E. In this entire range, we observe that all experimental data points fall on (or close to) one line in the plot. As predicted by theory, the constant of proportionality is found to be g ↑↓ /2π. This has several implications. First, and most importantly, Fig. 3(a) is strong evidence for the spin mixing conductance concept, i.e., that spin pumping, spin Seebeck and SMR effects indeed arise from pure spin currents physics. Spurious effects due to static proximity polarization in Pt [21, 23, 36] can be excluded based on Fig. 3(a) , because if the measured spin Seebeck effect and spin Hall magnetoresistance data were indeed consequence of a static proximity polarization, the obtained data should not fit quantitatively in the spin current injection picture parameterized by the mixing conductance. Our data for both these effects however are consistent with those extracted from spin pumping experiments, showing that all three effects have one and the same microscopic origin, namely spin current flow. Last but not least, our data enable a quantitative understanding of the spin Seebeck effect which has remained elusive so far [37] . The scaling of our data shows that a spin Hall angle α SH = 0.11 and spin diffusion length λ SD = 1.5 nm are reasonable material parameters for our Pt thin films. These parameters are in accordance with the product α SH λ SD extracted in previous studies [5, 38] and more recent findings [39] [40] [41] . In our work, owing to the different functional dependence of the three effects on these parameters, a more reliable extraction of λ SD and α SH becomes possible. Figure 3 (b) shows g ↑↓ = 2πJ s /E as a function of the total normal metal thickness t N = t Pt + t X (X is Au or Cu) for all bilayer and trilayer samples. The symbol definitions are identical to that in Fig. 3(a) . The solid line depicts g ↑↓ = 1 × 10 19 m −2 and the shaded region corresponds to 0.5 × 10 19 m −2 ≤ g ↑↓ ≤ 1.5 × 10 19 m −2 . The majority of our data points lie within the shaded region, so g ↑↓ is constant within ±50% for all our samples and regardless of the experimental method used to extract it. There is no discernible trend in the J s to E ratio as a function of Pt (or X/Pt) thickness. This suggests that Eqs. (6), (8) and (9) are sufficiently accurate in the entire thickness range investigated. The unsystematic scatter in g ↑↓ in Fig. 3(b) can be accounted for as being experimental errors and varying interface properties between the different samples. Our trilayer samples exhibit a g ↑↓ similar or slightly lower than that of our YIG/Pt bilayers and previous findings for the YIG/Au interface [42, 43] .
In summary, we have experimentally demonstrated that spin pumping, spin Seebeck and SMR all share the same purely spintronic origin and thus experimentally validated the spin mixing conductance concept. Spurious contributions due to proximity ferromagnetism in Pt can be ruled out, thereby supporting existing models for SMR and spin Seebeck effect. A relevant set of parameters for a ferromagnetic insulator/normal metal bilayer (or according trilayer) obtained from rather straightforward SMR experiments may be used to predict results for spin Seebeck or spin pumping experiments on the same samples. 
APPENDIX Spin pumping and spin Seebeck voltages
In this section, we present the experimentally acquired spin pumping and spin Seebeck voltages for our YIG/Pt bilayer samples. Figure 4 (a) shows the precession cone angle Θ as determined from the line width of the ferromagnetic resonance spectra and the spin pumping voltage ∆V SP determined from experiment for constant microwave driving field µ 0 h MW = 22 µT at ν = 9.85 GHz. At constant h 1 , Θ is determined mainly by the properties of the ferromagnet and thus there is no systematic evolution of Θ with t N . Generally however, it can be observed that larger Θ results in larger ∆V SP as already demonstrated in [11] . Furthermore, it can be seen that due to electrical short circuiting, the inverse spin Hall effect conversion of the spin current to ∆V SP tends to be more efficient at small t N . Figure 4 (b) depicts the simulated magnon-electron temperature difference ∆T between YIG and Pt at the YIG/Pt interface. For details of the calculations that rely on a finite Kapitza interface resistance refer to Ref. [34] . A systematic evolution of ∆T as a function of t N is observed. The reduced ∆T at small t N is due to the incomplete absorption of the laser light. The scatter in the simulated ∆T reflects the influence of spin backflow on ∆T which hence depends on the normal metal resistivity [34] . The observed spin Seebeck voltage ∆V SSE is reduced for large t N due to electrical short circuiting.
A detailed analysis of the spin Hall magnetoresistance properties of the samples used in this study can be found in Ref. [9] . substrates by pulsed laser deposition and covered in situ with Au, Cu and/or Pt by electron beam evaporation. All samples were diced in two parts. One part was patterned into a Hall bar geometry for laser-induced longitudinal spin Seebeck and spin Hall magnetoresistance measurements while the unpatterned part was used for the spin pumping experiments. Table II . Trilayer samples used in this study. We assumed ρCu = ρAu = 300 nΩm for all trilayer samples.
Trilayers
The trilayer spin pumping and spin Seebeck data are evaluated by using
instead of C in Eqs. (6) and (8) in the main text to account for the additional electrical shortcircuit due to X. For the spin Seebeck effect, we calculate ∆T as the magnon-electron temperature difference between the YIG and the adjacent normal metal for the trilayer samples. For the SMR trilayer data, we again assume that only Pt contributes to the SMR, while the second metallic layer acts as a mere electrical short-circuit. We extract the charge current in Pt
by assuming that Pt and X layers act as parallel resistors for the charge current. We then derive the SMR in Pt ∆ρ Pt ρ 0,Pt = ∆ρ ρ 0
by assuming there is no change in ρ X due to the spin Hall magnetoresistance. We use these expression to replace J c in Eq. (4) and ∆ρ ρ0 in Eq. (9) in the main text to evaluate J SMR s and E SMR for the trilayer samples.
